Interferon-gamma (IFNG) induces apoptotic cell death in bovine luteal cells, but the pathway(s) involved in this process are not well defined. Evidence supporting the involvement of an IFNG-inducible enzymatic pathway that degrades tryptophan in IFNG-induced death of bovine luteal cells is presented in this study. The IFNG-inducible enzyme indoleamine 2,3-dioxygenase (INDO) catalyzes the first step in a metabolic pathway that degrades tryptophan. In the first experiment, RT-PCR revealed the presence of INDO mRNA in luteal cells treated with IFNG, but not in untreated cells. To determine whether INDO participates in IFNG-induced death of bovine luteal cells, an experiment was performed to test the effect of 1-methyl-Dtryptophan (1-MT), an inhibitor of INDO, on IFNG-induced DNA fragmentation in luteal cells. Single-cell gel electrophoresis and microscopic image analysis revealed that 1-MT inhibited DNA fragmentation induced by IFNG. To determine whether supplementation of cell cultures with additional tryptophan could also protect luteal cells from IFNG-induced DNA fragmentation, luteal cells were cultured in the presence of IFNG, and L-tryptophan was added to cultures to achieve final concentrations that were 5-, 10-, or 25-fold higher than the concentration of L-tryptophan found in nonsupplemented culture medium. Supplementation of IFNG-treated luteal cell cultures with elevated concentrations of tryptophan also prevented IFNG-induced DNA fragmentation. We conclude that INDO participates in IFNG-induced death of bovine luteal cells, through a mechanism that involves degradation of tryptophan, thereby reducing tryptophan concentrations to a point insufficient to meet luteal cells needs.
INTRODUCTION
The inflammatory cytokine interferon gamma (IFNG) has been implicated as a mediator of luteal regression. The presence of mRNA encoding IFNG has been demonstrated in the corpus luteum (CL) of several species, including the cow [1] [2] [3] [4] [5] , and an inhibitory effect of IFNG on progesterone production by cultured luteal cells has been demonstrated [6] [7] [8] [9] [10] [11] . In addition, multiple studies have described the detrimental effect of IFNG on viability of cultured luteal cells [6, 7, [11] [12] [13] [14] [15] [16] . Fairchild and Pate (1991) first demonstrated that treatment of cultured bovine luteal cells with IFNG causes a reduction in the number of cells present in cultures [6] . Subsequently, these authors demonstrated that the proinflammatory cytokine tumor necrosis factor alpha (TNF), which is also believed to be involved in modulation of luteal function (reviewed in [17, 18] ), enhances the cytotoxic effect of IFNG on luteal cells [7] , an observation later confirmed by others [12] [13] [14] [15] . However, studies conducted to determine the mechanism(s) by which IFNG mediates cytotoxic actions in luteal cells have yielded inconclusive results. Induction of luteal cell death by TNF and IFNG occurs in a manner independent of nitric oxide production, because the nitric oxide synthase inhibitor N Gmonomethyl-L-arginine did not inhibit death of murine or bovine luteal cells induced by treatment with these cytokines in combination [13, 14] . Despite the ability of IFNG to increase prostaglandin synthesis in cultured bovine luteal cells [6] , the cyclooxygenase inhibitor indomethacin was without effect on IFNG-induced luteal cell death [6, 14] . Moreover, inhibitors of phospholipase A2 and lipoxygenase, as well as the antioxidant vitamin C, displayed only negligible (if any) ability to protect bovine luteal cells from death induced by the combination of these cytokines [14] . However, the combination of superoxide dismutase and catalase in high concentrations, or recombinant bovine interferon-alpha, was able to partially inhibit bovine luteal cell death induced by IFNG and TNF [14] . How these agents prevent cytokine-induced luteal cell death is not known. Indoleamine 2,3-dioxygenase (INDO) is an IFNG-inducible enzyme that catalyzes the degradation of tryptophan to Nformyl-L-kynurenine, the first step in degradation of tryptophan via the kynurenine pathway [19] . The involvement of tryptophan degradation in the antiproliferative and cytotoxic effects of IFNG has been demonstrated [20] [21] [22] [23] , and some mutant cell types that do not express INDO in response to IFNG are also resistant to IFNG-mediated cytotoxicity [20, 24, 25] . The induction of gene expression by IFNG is mediated via the janus activated kinases and the signal transducers and activators of transcription (STATs). Upon activation, STAT proteins translocate to the nucleus, where they induce transcription of IFNG-responsive genes [26] . Treatment of bovine luteal cells with IFNG causes elevation in nuclear amounts of STAT-1 and phosphorylated STAT-3 [11] , as well as induction of cell surface class II MHC molecules [27] , the latter being a well-documented effect of IFNG [28, 29] . Because IFNG regulates expression of INDO in other cell types, we hypothesized that IFNG treatment would induce expression of INDO in luteal cells, and that expression of INDO might participate in the cytotoxic effects of IFNG. The objectives of the present study were to determine whether IFNG causes an increase in steady-state amounts of INDO mRNA in bovine luteal cells, and to determine whether and how INDO participates in IFNG-induced bovine luteal cell death. 
Animals
Corpora lutea were collected from normally cycling, multiparous, lactating dairy cows between 3 and 6 yr of age. Cows were housed indoors, had complete freedom of movement, and were fed a total mixed ration ad libitum. Corpora lutea were removed transvaginally on Day 10 or 11 following behavioral estrus, immediately placed in ice-cold Ham's F-12 culture medium, and transported to the laboratory for dissociation. Handling of animals and surgical procedures were carried out according to protocols approved by the Institutional Laboratory Animal Care and Use Committee of The Ohio State University.
Luteal Cell Dissociation and Culture
Dissociation of luteal cells was carried out according to procedures described previously [30] . Following dissociation, cells were resuspended in cell culture medium (Ham's F-12 medium containing 5 lg/ml insulin, 5 lg/ml transferrin, 5 ng/ml selenium, 20 lg/ml gentamicin, and 10 ng/ml LH) and cell viability was determined via Trypan Blue exclusion. The number of viable cells was counted using a hemacytometer. All cultures were carried out in a humidified atmosphere of 5% CO 2 in air at 378C. All experiments were repeated a total of four times using CL from different cows.
Experiment 1: Induction of INDO mRNA by IFNG
Dispersed luteal cells were placed in culture in 25-cm 2 flasks (5 3 10 6 cells/ flask) in a total of 5 ml of culture medium. Cells were allowed to adhere overnight, at which time medium was replaced and treatments were added. Treatments were arranged in a 2 3 4 factorial design, and all treatments were carried out in duplicate. Cells were treated with either 0 or 50 ng/ml murine TNF and 0, 10, 100, or 1000 international units (IU)/ml IFNG. It has been demonstrated previously that these concentrations of TNF and IFNG exert significant effects on bovine luteal cell viability and function in vitro [6, 7, 14] . Total RNA was extracted from cultured cells 48 h after initiation of treatments, because a previous study demonstrated a significant effect of TNF on steadystate concentrations of mRNA encoding IFNG-regulated genes in cultured bovine luteal cells at this time [31] .
Steady-state concentrations of INDO mRNA were determined using semiquantitative RT-PCR (SQ-RT-PCR). SQ-RT-PCR was performed using a GeneAmp PCR System 9700 thermal cycler (Perkin Elmer). INDO primers were designed based on regions of highest homology between published human, mouse, and rat sequences. Sequences of forward and reverse primers were 5 0 -ATCACCATGGCGGATGTGTG-3 0 and 5 0 -CTGGAAGATGTTGC-TCTGGG-3 0 , respectively. Amplification using these primers resulted in a single 559-bp cDNA fragment, which was the size expected for the amplified INDO cDNA product. Amplification products were cloned and sequenced as described previously [32] to determine the identity of the cDNA inserts. The resulting partial bovine INDO cDNA sequence shares 81%, 79%, and 78% sequence identity, respectively, with homologous regions of the human, mouse, and rat INDO sequences. An 854-bp glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA fragment was amplified in parallel reactions carried out in separate tubes, using ovine-specific primers described previously [33] , and was used as an external control as has been described previously [31] . The number of cycles in which the reactions entered the logarithmic phase of amplification was determined individually for each primer set. The number of cycles to be used for each primer set was determined by performing serial reactions with a pooled sample of RNA from IFNG-treated cells, incrementally increasing the number of cycles, and determining empirically the cycle number at which amplification was in the logarithmic phase. In these experiments, GAPDH amplification was in the logarithmic phase at 24 cycles, whereas INDO amplification was logarithmic at 31 cycles. Reverse transcription was performed on 200 ng of total RNA, followed by either 25 cycles (GAPDH) or 31 cycles (INDO) of PCR using the following conditions: denaturation, 948C for 30 sec; annealing, 588C for 30 sec; extension, 728C for 60 sec. Following amplification, PCR products were separated on 1.5% agarose gels and visualized with ethidium bromide. The densitometric value (in arbitrary densitometric units) of the INDO band from each sample was standardized to the value of the corresponding GAPDH band.
Experiment 2: Effect of INDO Inhibition on IFNG-Induced DNA Fragmentation
Dispersed luteal cells were placed in culture in 24-well plates (2.5 3 10 5 cells/well) in a total of 1 ml of culture medium containing 10% calf serum. Cells were allowed to adhere overnight, at which time serum-containing medium was replaced with serum-free medium, and treatments were initiated. Treatments were arranged in a 2 3 2 factorial design, and all treatments were carried out in duplicate. Luteal cells were treated with 100 IU/ml IFNG in the absence or presence of 25 lg/ml of the INDO inhibitor 1-methyl-D-tryptophan. This compound has previously been shown to ameliorate various effects of tryptophan catabolism by the INDO enzyme [34] [35] [36] . Cells were cultured for 96 h following initiation of treatments, with replacement of medium and treatments after 48 h.
To determine the amount of DNA fragmentation in individual cell nuclei following culture, single-cell gel electrophoresis was performed as has been previously described [14, 37] . Briefly, cells were removed from the culture wells using a solution of 0.05% trypsin/0.53% EDTA, suspended in 1% (w/v) lowmelting-temperature agarose, and layered onto slides. Slides were then submerged in lysis buffer (1% [v/v] Triton X-100, 2.5 M NaCl, 100 mM EDTA, 10 mM Tris, 10% [v/v] DMSO, pH 10), and subsequently placed in a horizontal electrophoresis box containing electrophoresis buffer (1 mM EDTA, 300 mM NaOH). Cells were allowed to equilibrate for 40 min in electrophoresis buffer, and electrophoresis was performed at 22 V/350 mA for 24 min. Following electrophoresis, cells were fixed with neutralization buffer (0.4 M Tris, pH 7.5), and stained with 20 lg/ml ethidium bromide in water.
Microscopic image analysis was conducted using an Olympus MagnaFire digital camera coupled to an Olympus BX51 fluorescence microscope (Olympus America) and Image-Pro Plus software, version 4.5 (Media Cybernetics). Quantification of DNA fragmentation was performed by measuring the percentage of DNA remaining in each individual nucleus following single-cell gel electrophoresis. Micrographs of 20 randomly selected individual cell nuclei per treatment were taken at 4003 magnification, and were subjected to quantitative image analysis as described previously [14] . In brief, to determine the percentage of DNA in the head of each individual comet, a thick band profile measuring total pixel intensity of the entire comet was taken. The amount of DNA in the comet head was then determined by encircling the head and excluding all regions outside of the head from the thick band measurement. This number was pixel intensity of the comet head, and was divided by the total pixel intensity to give the percentage of DNA remaining in the comet head (cell nucleus). This allows accurate determination of the extent of DNA fragmentation in individual cell nuclei, and also allows the number of cells with a specific amount of DNA fragmentation to be determined for each treatment.
Experiment 3: Effect of Tryptophan Supplementation on IFNG-Induced DNA Fragmentation
Dispersed luteal cells were cultured as described for Experiment 2. Treatments were arranged in a 2 3 4 factorial design, and all treatments were carried out in duplicate. Luteal cells were cultured in medium to which no supplemental tryptophan had been added, or in medium to which L-tryptophan had been added to achieve a final concentration that was 5-, 10-, or 25-fold greater than that found in nonsupplemented medium. Cells cultured in nonsupplemented and supplemented medium were treated with 0 or 100 IU/ ml IFNG. Cells were cultured for 96 h following initiation of treatments, with replacement of medium and treatments after 48 h. The experiment was repeated a total of four times. At the end of the culture period, cells were subjected to single-cell gel electrophoresis and microscopic image analysis as described for Experiment 2.
Statistical Analysis
All statistical analyses were performed using Sigma Stat software (Jandel Corporation). One-way ANOVA followed by the Student-Newman-Keuls test was performed on densitometric values of INDO bands (standardized to corresponding GAPDH bands) to determine differences in steady-state concentrations of INDO mRNA between specific treatment means. Cells subjected to single-cell gel electrophoresis were assigned to one of four arbitrarily-determined categories based on the percentage of DNA remaining in the nucleus (80%-100%, 60%-79%, 40%-59%, or 20%-39%). Differences between treatments in the number of cells in each percentage group were determined by one-way ANOVA followed by the Student-Newman-Keuls test. All differences were considered statistically significant at P , 0.05.
RESULTS

Induction of INDO mRNA by IFNG
SQ-RT-PCR was used to determine relative steady-state concentrations of INDO mRNA in luteal cells treated with IFNG. INDO mRNA was not detectable in luteal cells in the absence of IFNG (Fig. 1A) . IFNG induced expression of INDO in luteal cells, with greater (P , 0.05) concentrations of INDO mRNA present in cultures treated with 100 or 1000 IU/ml compared with 10 IU/ml IFNG (Fig. 1, A and B) . Tumor necrosis factor-a had no effect on steady-state concentrations of INDO mRNA (Fig. 1, A and B) .
Effect of INDO Inhibition on IFNG-Induced DNA Fragmentation
Single-cell gel electrophoresis, also known as the comet assay, was used to measure the effect of INDO inhibition on IFNG-induced DNA fragmentation. In the present study, nuclei from control cells, in which little to no DNA fragmentation would be expected, retained greater than 85% of the DNA in the nucleus (head of the comet), whereas nuclei from IFNGtreated cells retained as little as 25% of the DNA. To determine whether INDO participates in IFNG-induced luteal cell death, an experiment was performed to test the effect of 1-methyl-Dtryptophan (1-MT), an inhibitor of INDO, on IFNG-induced DNA fragmentation in luteal cells. Single-cell gel electrophoresis and microscopic image analysis revealed that the majority of cells cultured in the absence of IFNG (control cells) had 80%-100% of the DNA remaining in the nucleus, with some cells having 60%-79% of the DNA remaining in the nucleus (Fig. 2a) . The somewhat lower percentage of DNA in the nuclei of a few control cells is attributable to the extensive processing procedure used before fixation of cells in the assay. Treatment with 100 IU/ml IFNG, shown in the first experiment to induce maximum steady-state concentrations of INDO mRNA, induced significant DNA fragmentation (Fig. 2, A vs. B), lessening (P , 0.05) the number of cells with 80%-100% of the DNA in the nucleus when compared with controls, and also resulting in the appearance of cells with only 20%-39% or 40%-59% of the DNA remaining in the nucleus (Fig.  3) . The INDO inhibitor 1-MT dramatically inhibited this effect (Fig. 2, D vs. B) . Similarly to controls, cells treated with IFNG and 1-MT retained 80%-100% of the DNA in the nucleus following single-cell gel electrophoresis. Moreover, 1-MT completely inhibited the ability of IFNG to induce the presence of cells with 20%-39% or 40%-59% of the DNA remaining in the nucleus (Fig. 3) .
Effect of Tryptophan Supplementation on IFNG-Induced DNA Fragmentation
To determine if addition of supplemental tryptophan could also prevent IFNG-induced DNA fragmentation in luteal cells, L-tryptophan was added to luteal cell cultures to achieve 5-, 10-, or 25-fold greater concentrations of L-tryptophan than nonsupplemented medium. The majority of cells cultured in medium without additional tryptophan (control cells), and the majority of cells cultured in medium with 5-, 10-, or 25-fold greater concentrations of L-tryptophan, retained 80%-100% of the DNA in the nucleus, with the remaining cells having 60%-79% of the DNA remaining in the nucleus, following singlecell gel electrophoresis (Fig. 4, C , E, and G). As in the previous experiment, IFNG induced significant DNA fragmentation (Fig. 4, B vs. A) . However, addition of L-tryptophan at all concentrations inhibited IFNG-induced DNA fragmentation (Fig. 4, D, F, and H vs. B) . Supplementation of IFNG-treated cultures with 5-fold greater concentrations of tryptophan increased (P , 0.05) the number of cells with 80%-100% of the DNA remaining in the nucleus, reduced (P , 0.05) the number of cells with 40%-59% of the DNA remaining in the nucleus, and prevented the appearance of cells with only 20%-39% of the DNA remaining in the nucleus (Fig. 5) . Compared with IFNG-treated cells cultured in the absence of supplemental tryptophan, addition of 10-or 25-fold greater concentrations of tryptophan to IFNG-treated cultures increased (P , 0.05) the number of cells with 80%-100% of the DNA remaining in the nucleus, reduced (P , 0.05) the number of cells with 60%-79% of the DNA remaining in the nucleus, and prevented the appearance of cells with only 40%-59% and 20%-39% of the DNA remaining in the nucleus (Fig. 5 ). There were no differences in DNA fragmentation between control cells and IFNG-treated cells cultured in the presence of 10-and 25-fold greater concentrations of tryptophan (Fig. 4, A, F, and H) . 
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DISCUSSION
In the present study, we have demonstrated that IFNG induces expression of the INDO gene in bovine luteal cells, and that expression of INDO plays a significant role in IFNGmediated death of bovine luteal cells. To the best of our knowledge, this is the first description of INDO expression by ovarian cells in any species. The presence of detectable amounts of INDO mRNA was induced by the lowest concentration of IFNG used in this study (10 IU/ml), and steady-state INDO mRNA concentrations were maximal when cells were treated with 100 IU/ml IFNG. We have also attempted to identify immunoreactive INDO protein in IFNGtreated luteal cells, without success. We have found that commercially available antibodies to human and murine INDO do not cross-react with the homologous bovine protein in a Western blot assay (data not shown), most likely because of the limited degree of homology (82% and 83% sequence identity between the bovine protein and homologous regions of the murine and human proteins, respectively). It is unfortunate that we were unable to demonstrate the presence of the protein using this technique, and this is one acknowledged limitation of the present study. It is of interest to note that TNF, which enhances other effects of IFNG on luteal cells [7, [12] [13] [14] [15] , did not stimulate further increases of INDO mRNA above that achieved with IFNG alone. Given that INDO is an IFNGinducible enzyme, and that TNF was without effect on steadystate INDO mRNA concentrations, the latter cytokine was omitted from experiments examining the role of INDO in IFNG-mediated luteal cell death. Indoleamine 2,3-dioxygenase catalyzes the conversion of Ltryptophan to L-kynurenine, which is the first stable metabolite in the degradation of tryptophan through the kynurenine pathway [38] . The specificity of INDO for tryptophan (and to a lesser extent other indoleamine derivatives such as serotonin and melatonin) as substrate has been described and characterized in numerous biochemical studies (reviewed in [39] ). The IFNG-inducibility of this enzyme was first demonstrated in a murine model in which IFNG was found to be the agent responsible for induction of INDO in response to intraperitoneal administration of bacterial endotoxin [40] . The ability of IFNG to induce INDO has since been demonstrated in an array of diverse cell types and systems (reviewed in [19] ). More recently, the methylated derivative of tryptophan, 1-methyl-Dtryptophan (1-MT), which is a pharmacologic competitive inhibitor of INDO, has been used in various studies to inhibit tryptophan depletion by INDO [34, [41] [42] [43] [44] .
Degradation of tryptophan by INDO depletes the cellular microenvironment of available tryptophan, an effect that has been shown to have both antiproliferative and cytotoxic effects on various cell types [20] [21] [22] [23] [45] [46] [47] . Induction of INDO is an IFNG-inducible event [19] . Given the previously observed detrimental effects of IFNG on bovine luteal cell viability [6, 7, 11, 14] and because some mutant cell types that are incapable of upregulating INDO in response to IFNG are resistant to IFNG-mediated cell death [20, 24, 25] , we hypothesized that INDO may play a role in IFNG-mediated death of bovine luteal cells. In the present study, IFNG induced significant DNA fragmentation in cultured luteal cells, and the INDO inhibitor 1-MT inhibited this effect.
It was hypothesized that two possible mechanisms may account for the INDO-mediated effect of IFNG. First, induction of INDO by IFNG could catalyze the degradation of tryptophan, thereby reducing available free L-tryptophan to concentrations insufficient to support luteal cell survival, an effect that induces apoptosis in other cell types [22, [45] [46] [47] . Alternatively, induction of INDO by IFNG may have caused accumulation of metabolites of tryptophan, including kynurenine and quinolinic acid, which can induce apoptosis in a variety of cell types [23, [48] [49] [50] . The former possibility assumes that a sufficient concentration of tryptophan is necessary for luteal cell survival, and that therefore depletion of available tryptophan from cultures by INDO results in cell death. The latter possibility assumes that luteal cells are sensitive to metabolites produced via INDO-dependent degradation of tryptophan through the kynurenine pathway, and that accumulation of these metabolites in culture medium results in cell death. 
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CANNON AND PATE toxic metabolites of tryptophan, then addition of supplemental tryptophan would augment IFNG-induced cell death, because there would be more substrate present to convert to cytotoxic metabolites.
To determine which of these possibilities was the case, the culture medium of IFNG-treated luteal cells was supplemented with either 5-, 10-, or 25-fold greater concentrations of Ltryptophan than found in nonsupplemented medium. Because elevation of L-tryptophan concentrations in culture medium inhibited IFNG-induced DNA fragmentation, it appears that the mechanism of action by which IFNG induces death of cultured bovine luteal cells involves depletion of this amino acid to concentrations that are insufficient to meet luteal cell needs for survival. To the best of our knowledge, there are no data concerning concentrations of tryptophan in luteal tissue of any species, and it is unknown whether concentrations of this amino acid fluctuate in the tissue over the estrous cycle. Therefore, we can only speculate as to the minimal tryptophan requirements for survival of luteal cells and how a reduction in concentration of this amino acid might occur in vivo. The most plausible mechanism would seem to be that induction of INDO in luteal cells would deplete available tryptophan from the cellular microenvironment, as has been demonstrated in other studies [20, 21, 34, 51, 52] , which would then lead to apoptosis.
The duration of luteal cell cultures in the present study has been used previously to demonstrate the effects of IFNG on luteal cell viability and function [6, 7, 14] . At first glance, this appears to be a large amount of time compared to the time required for luteolysis in vivo. However, a significant distinction must be made with regard to the meaning of the term ''luteolysis'' in vivo. The decline in circulating concentrations of progesterone, which typically characterizes the onset of luteal regression, occurs relatively rapidly in response to the luteolytic stimulus. However, the rapid decline in circulating progesterone concentration does not reflect the time it takes for the cells that make up the CL to subsequently undergo cell death. We therefore believe that the experimental conditions reflect, to a limited degree, the in vivo situation, namely prolonged exposure to luteolytic agents that ultimately results in the structural demise of the CL.
One downstream event in the apoptotic process in luteal cells appears to be the activation of caspase-3 [53, 54] . Tumor necrosis factor-a and IFNG both upregulate expression of Fas [54] [55] [56] , and the action of TNF and Fas both upregulate caspase-3, TNF presumably indirectly via upregulation of Fas, and Fas directly through its signaling activity [57] [58] [59] . Using caspase-3 deficient mice, Carambula et al. [59, 60] demonstrated the fundamental importance of the caspase-3 system in the apoptotic process in luteal cells, and to luteal regression in general. Because IFNG can upregulate caspase-3 activity via upregulation of Fas, the contribution of IFNG to the caspase-3-dependent apoptotic cell death process in luteal cells is apparent. How the induction of INDO by IFNG and INDOmediated tryptophan degradation is related to luteal cell death in this context is uncertain. However, one possible mechanism by which tryptophan may protect luteal cells from IFNGinduced cell death may involve an antioxidant effect. Tryptophan is known to possess antioxidant and free radical scavenger activities, and free L-tryptophan has been identified as a primary antioxidant in human placental extracts [61] . It is possible that the elevated concentrations of tryptophan used in the culture medium in the third experiment of the present study prevented cell death through actions as an antioxidant. This possibility is intriguing, given the observation from a previous study that high concentrations of superoxide dismutase and catalase were also able to inhibit (at least partially) IFNGinduced luteal cell death [14] . Therefore, it seems plausible that IFNG induces multiple pathways in luteal cells that mediate apoptotic cell death, and that the IFNG-mediated upregulation of INDO functions as one pathway.
In conclusion, we have described in the present study the induction of INDO in bovine luteal cells in response to IFNG. This is the first report to describe INDO expression in ovarian cells of any species. Moreover, we have also demonstrated a role for INDO in IFNG-induced bovine luteal cell death. IFNGinduced DNA fragmentation was inhibited by addition of the INDO inhibitor 1-MT to luteal cell cultures, and addition of supplemental tryptophan also protected cells from IFNGinduced DNA fragmentation. From these results it can be inferred that tryptophan degradation by INDO plays a significant role in IFNG-induced apoptosis in bovine luteal cells. From the protective effect of additional tryptophan in this study, we conclude that the mechanism by which IFNGinduced INDO mediates luteal cell death is tryptophan depletion, rather than production of cytotoxic metabolites from tryptophan. Collectively, we conclude from these results that IFNG-dependent, INDO-mediated tryptophan degradation plays a significant role in IFNG-induced death of cultured bovine luteal cells. 
